Expression of the maize alcohol dehydrogen- 
the level found in anaerobic roots; mRNA levels increase in concentration during anaerobic treatment, reaching a maximum within 5 hr (3, 4) . This increase in the level ofAd/l gene mRNA can be attributed, for the most part, to an increase in the transcription rate of the Adhl gene (4, 5).
Howard et al. (6) have examined the expression of the endogenous Adhl gene and a chimeric Adhl gene in maize protoplasts. Over a 24-hr period there was an incremental increase in the expression of the endogenous Adhl gene with decreasing oxygen concentrations: at 10% oxygen/90% N2, there was a 2-to 4-fold increase in the level of AdhJ gene mRNA and at 5% oxygen/95% N2, a 5-to 10-fold increase. However, at 1% oxygen/99% N2, no increase in Adhl expression was detected. This latter observation was probably the result of reduced cell viability under these conditions. The fold increase in Adhl expression was lower than has been reported in maize seedlings (3, 4) ; this is due to the higher level of "aerobic" Adhi expression in the tissue culture cells, which is not surprising given the cells are grown in solution and are probably hypoxic. The Adhl chimeric gene Adh-CAT consists of the Adhi promoter linked to the chloramphenicol acetyltransferase (CAT) coding sequences and nopaline synthase (nos) 3' signal. Adh-CAT, introduced into maize protoplasts by electroporation, was expressed -4-fold higher in low oxygen concentrations than under control conditions. By all criteria examined, expression of Adh-CAT paralleled the expression of the endogenous Adhl gene in maize protoplasts and the anaerobic response in cell culture was qualitatively similar to the response in maize seedlings.
In this report we identify the sequence elements necessary for anaerobic induction ofAdh-CAT based on the expression of a series of in vitro-manipulated Adh/-CAT chimeric genes. Our analyses show that there is an anaerobic regulatory element (ARE) between positions -140 and -99 of the maize Adhl promoter. The ARE is composed of at least two sequence elements, positions -133 to -124 and positions -113 to -99, both of which are necessary, and together are sufficient for low oxygen expression of Adh-CAT gene activity.
MATERIALS AND METHODS
Construction of Plasmids. All plasmids were constructed by standard recombinant DNA techniques (7) using subcloned DNA fragments of the maize Adhl-iS gene (8, 9) or the cauliflower mosaic virus (CaMV) genome (a gift from D. Merlo, Agrigenetics, Madison, WI). We have numbered the sequence ( Fig. 1) with the cap site designated as + 1 according to the correction published by Ellis et al. (10) . The plasmid pAdhCAT, described (6), contains a BAL-31-generated promoter fragment, from positions -1094 to +106 of the Adhl -15 gene, attached to the reporter gene cassette pCN100 (CAT-Nos) (6) by a BamHI linker. A truncated Adhi promoter gene, pAdhCAT-140, was constructed by subcloning the Pst I fragment of pAdhCAT, utilizing the only Pst I site at position -140 in the Adhl-iS promoter and the Pst I site in the pUC19 polylinker. Progressive 5' deletions of pAdhCAT-140 were obtained by BAL-31 digestion. Generation of 3' deletions was as follows: the Adhl-iS promoter fragment from position -1094 to position + 106 in pUC19 was digested at the only Sma I site in the polylinker at the 3' end ofthe promoter, followed by BAL-31 digestion; this fragment was ligated to Sal I linkers, and digested with Sal I and with BamHI (at position -1094 of the Adh/l-lS promoter); and the relevant fragments were isolated and cloned into pUC19. All Abbreviations: ARE, anaerobic regulatory element; CAT, chloramphenicol acetyltransferase; CaMV, cauliflower mosaic virus; LS, linker scanning. *Present address: Department of Molecular Plant Biology, University of California, Berkeley, CA 94720.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 (11) . Our data confirm the published sequence of the promoter region (8) (6) .
Electroporation and CAT Assays. Expression analysis of pAdhCAT mutant constructions was performed as described (6) . For convenience and by analogy to the low-oxygen response in maize seedlings, which is qualitatively similar to the response in protoplasts (6) 
Analysis of Hybrid Promoter Fusions. We have shown that expression of a hybrid gene containing the CaMV 35S promoter 35SCN is not regulated by anaerobic stress but shows a reduction in activity under hypoxic conditions (Fig.  3) . To determine the 3' endpoint of the ARE, we have linked a series of 3' deletions of the Adhl gene upstream of the "TATA box" to a deleted CaMV 35S promoter. This defective 35SCN gene, designated A35SCN, is deleted to position -45 of the promoter and retains its TATA box, but upstream sequences required for expression of 35SCN have been deleted (Fig. 3) (13) . Fusion of sequences from position -35 to position -1094 or position -81 to position -1094 of the Adhi gene confers anaerobically regulated expression on A3SSCN (Fig. 3) . When Adhl promoter sequences were deleted on the 3' side of position -99, expression of the A3SSCN gene was abolished. These results show that sequences on the 5' side of position -81 are necessary and sufficient for anaerobically regulated expression of a gene in maize protoplasts.
The levels of expression of the Adh-35S hybrid promoter constructions are not equivalent to those of the Adh-CAT constructions under any oxygen concentrations. Specific sequence elements around the TATA box, at the mRNA cap site, or in the mRNA leader that may be important for the efficient expression of the Adhl gene are absent in these constructs. It may also be that the spacing ofthe ARE relative to the TATA box/mRNA cap site is important for the level of expression. The ARE is 20 base pairs further away from the TATA box/mRNA cap site in the Adh-35S construction containing Adhl sequences from position -35 to position -1094 than in Adh-CAT, while in the Adh-35S construction with position -81 to position -1094 of the Adhl promoter, the ARE is 36 base pairs closer to the TATA box/mRNA cap site. Although the difference in expression between these two functional hybrid promoters is only slight, indicating some flexibility in spacing requirements, neither construction places the ARE in the same position relative to the TATA box/mRNA cap site as it occurs in Adh-CAT.
Analysis of Linker-Scanning Mutations. We constructed a series of LS mutations in the region between positions -140 and -72 to define more precisely the DNA sequences essential for anaerobic regulation. These LS constructions result in clustered point mutations and alter the spacing between nonmutated sequences by no more than ±2 base pairs. The structure of the LS mutants and results of CAT enzyme activity assays are summarized in Fig. 4 . One mutant, LS-133/-124, reduces anaerobic expression to the level observed under aerobic conditions. The importance of the region from position -133 to position -124 is consistent with the results from the 5' deletion to position -124; one difference is that LS-133/-124 does not appear to be inducible. A second region is defined by LS-133/-99; this mutant does not express CAT enzyme activity above background levels. A LS mutation between these two regions, LS-125/-117 does not affect anaerobic induction of CAT expression relative to Adh-CAT. In addition, LS mutants LS-99/-92, LS-89/-81, and LS-80/-72 have no dramatic effect on the anaerobically inducible expression of CAT enzyme activity.
From these results, the 5' boundary of the ARE lies between positions -140 and -133, and the 3' boundary lies between positions -99 and -113. The ARE appears to contain two important regions: region I is defined by LS- 133/-124 and region II by LS-113/-99. The DNA sequence between these two regions can be mutated without any discernible effect on anaerobically regulated expression.
The ARE Contains DNA Sequences Homologous to Adh-2N. Because the Adhl gene is only one of several anaerobically expressed genes in maize (1), it might be expected that other similarly regulated genes would have ARE-related sequences. The Adh2-N gene of maize (17) is also regulated by anaerobiosis (1) and contains homology to the Adhi ARE (Fig. 5) . The homology in region I of the ARE is 13 out of 16 bases, while the homology in region II is 11 out of 16 bases. There is only limited homology, in sequence and spacing in the DNA segments located between or surrounding the two regulatory elements. Whether this region of homology is important for the anaerobic control of Ad/2 expression remains to be tested. The 5'-flanking regions of the Adh genes from Arabidopsis (18) and pea (19) are not >60%o homologous to the maize Adhi ARE over a 10-base-pair region. (05) 85 (46) 63 (10) 83 (11) 20% 0 2 32 (19) 21 (14) 23 (08) 07 (07) 13 (05) 12 (05) 20 ( The functional analysis of the maize Adhi promoter defining the ARE as an essential regulatory element is further supported by two other observations. There is substantial sequence conservation (70-80%) in the region of the ARE between Adhi and another anaerobically regulated gene of maize, Adh2-N. There are further regions of sequence homology between the promoter region of Adhl and Adh2 located at other potentially important control regions, i.e., around the TATA box, the mRNA cap site, and a short sequence in the mRNA leader (20) . The absence of other homologies of substantial length (>10 base pairs) between the promoters ofthese two genes supports the suggestion that the conserved sequences may have a functional role. The ARE also corresponds to one of the nuclease-sensitive regions of Adhi in the chromatin of nuclei isolated from anaerobic roots (5, 21) . Increased nuclease sensitivity is often associated with genes in a transcriptionally active state (22) and would suggest that the ARE may be part ofa transcriptionally active region in the chromatin of anaerobic maize roots.
Our results show that the Adhi promoter has a number of regulatory sequences. We have defined two regions within the promoter that are essential for anaerobic regulation of the maize Adhi gene. Sequences upstream of the ARE are important for the level of expression. In addition, the observation that the hybrid promoter constructions are not expressed as efficiently as the Adh-CA T construction indicates that additional sequences, surrounding the TATA box, surrounding the mRNA cap site, or in the mRNA leader, may play a role in the level of gene expression.
It would be naive to suggest that the regulatory elements we have identified comprise all of the sequence elements involved in the expression of the Adhi gene in maize plants. Our 
